Phototropic response in etiolated pea (Pisum sativum L. cv Alaska) seedlings is poor. However, the curvature induced by unilateral blue light can be hastened and increased in magnitude by a previously administered red light pulse followed by several hours of darkness. Phytochrome is involved in the red light effect. Phototropic response was almost completely inhibited by removal of the apical bud and hook, but it was restored if exogenous indole-3-acetic acid was applied apically to the cut stump. Therefore, the stem contains both the phototropic photoreceptor and response mechanism. Perception of gravity and gravitropic response were also localized in the stem, but gravitropism was scarcely inhibited by decapitation. It was also observed that the kinetics and curvature pattern of gravitropism differed greatly from those of phototropism. Like phototropism, stem nutation required auxin and was promoted by red light. Unlike phototropism, photoenhanced nutational curvature required the apical hook and was propagated as a wave down the stem. Naphthylphthalamic acid inhibited, in order of decreasing effect, nutation, phototropism/ gravitropism, and growth. Phototropism, gravitropism, and nutation appear to represent distinct forms of stem movement with fundamental differences in the mechanisms of curvature development.
The modification of tropistic response by light (e.g. Refs. 8 and 31) is a useful approach to the study of primary processes of stimulus perception and transduction in plants (e.g. Ref.
2). Of course, light effects may also involve changes in secondary processes related to growth regulation (9, 30) . In dark-grown Alaska pea seedlings, red light was reported to enhance gravitropism and phototropism (19, 20, 23) . While an action of light on growth regulatory steps was indicated for both processes, the mechanisms differed. Light-promoted gravitropism was thought to involve a photoinhibition of ethylene release (19) , whereas light-promoted phototropism was suggested to involve an increase in tissue sensitivity to auxin (20) .
We have recently found, based on presentation time studies, that a prior red light treatment increased graviperception in pea seedlings (2) . Contrary to the earlier report (19) , we were unable to find any promotive effect of light pretreatment on the rate or magnitude of gravitropic response under continuous gravistimulation (2, 3) . However, we used intact plants, whereas the previous ' Supported in part by National Aeronautics and Space Administration Grant NSG-7290 to A. W. G.
authors used excised stem segments in which light-promoted gravitropism probably represented the alleviation of wound inhibition by photo-induced suppression of ethylene release.
The dramatic enhancement of phototropism by red light does take place in intact pea plants under conditions in which the kinetics and magnitude of gravitropism are not greatly altered. It would therefore seem there must be basic differences in the way light effects the two tropistic responses. Phototropism and gravitropism are often assumed to share the same secondary (ie. growth regulatory) processes (11, 25) , so an initial hypothesis would be that red light modifies early steps in the phototropic reaction sequence. We have tested this hypothesis through a more detailed comparison of phototropism and gravitropism.
Pea stems also have oscillatory bending movements (nutations) which are strongly stimulated by red light (3, 4, 14) . Darwin and Darwin (7) contended that tropisms were asymmetrically modified nutations. Although we have found that gravitropism and nutation in pea stems are relatively independent of one another (3), the possible relation between phototropism and nutation remains to be explored.
MATERIALS AND METHODS
Pea (Pisum sativum L. cv Alaska) seedlings (Asgrow Co.2) were raised and treated individually in glass vials in the dark at 27'C and 80%o RH as described in detail elsewhere (3) . Red light treatments were given 6 d after the start of imbibition, during which time the third internode was elongating. Either of two red light sources were used: (a) four 15- Phototropism, gravitropism, and hook angle were measured from shadowgraphs (see Refs. 4 and 14) . Growth and nutation were measured from time-lapse photographs as described elsewhere (3, 14) . The pea seedling has bilateral symmetry with the plane of symmetry (the 11 -plane) bisecting the apical hook (3).
Nutational movements are most pronounced in this plane and consequently interfere with measurements of tropistic response.
These were therefore induced orthogonally to the 11- 
RESULTS
The kinetics of phototropic response in peas have not been described previously, so the initial approach was to record the time course ofcurvature in the third internode ofseedlings exposed continuously to unilateral blue light (75 mw m2). DP reacted very poorly and required a lag time of about 2 h between the onset of illumination and the initiation of response ( response, but this long-term effect could be supplanted by a brief red light pulse followed by a dark incubation of 15 h. The resultant RP responded phototropically more rapidly and to a greater extent than DP, but they still required a lag period (Fig. 1) . A red light fluence of 760 J m2 saturated the pretreatment effect.
The detailed blue light irradiance dependence of phototropism in peas is not known, but it is unlikely that phototropism in either RP or DP is light limited, since the responses were not improved at a higher fluence rate (500 mw m-). Continuous irradiation did appear to be required, since shorter duration exposures (1 s to 1 h) over a range of fluence rates were unable to induce phototropic curvature in subsequent darkness.
Previous studies of red light-promoted phototropism in peas did not report on the effects of far-red light (20, 23) . We found that far-red light, while having a significant effect by itself, was able to reverse the action of red light, indicative of photochrome involvement (Table I) . Interactions between blue light photoreceptors and phytochrome have been reviewed elsewhere (22) .
The time course for the development of phytochrome enhancement of phototropism is shown in Figure 2 Phototropism, gravitropism, and nutation also diverged in response to removal of the apical bud and/or the hook. Excision of both these organs followed by a 150-min incubation period almost completely inhibited phototropism (Fig. 4) , but the loss ofresponse was largely prevented by the addition of IAA (100 ,ug g-1) to the lanolin paste used to coat the cut end of the stem. The effect of excision on gravitropism was mainly to increase the response time (Fig. 5) . These results also confirmed earlier reports that nutation was more sensitive to NPA than was gravitropism (3) and that straight stem growth was relatively insensitive to NPA (5). It is not clear why phototropism and gravitropism have similar NPA sensitivity but dissimilar requirements for exogenous IAA.
It was previously reported that restoration of growth after removal of the apex was more sensitive to exogenous IAA in red light-treated plants than in dark controls (20) . However, the IAA in lanolin was applied directly to the cut surface of the stem. Red light can lead to decreased activity of IAA oxidase (a special problem at cut surfaces) and also to decreased wound inhibition of growth (such as would occur after cutting). We therefore tested light effects on the auxin sensitivity of intact plants by applying IAA in lanolin paste unilaterally to the third internode of the epicotyl just below the hook. The resultant curvatures were measured after a 2-h incubation in the dark (Table III) . DP reacted significantly better than did RP over the range of 30 to 100 ,ug g-1 IAA. By 300 jig g'-of IAA, curvature was saturated in DP and the effect in RP was equal to that in DP. (1, 13, 16, 26) . As in peas, phototropism in dark-grown seedlings of sunflower (13) and cress (16) is poor compared to that in deetiolated seedlings. However, cress seedlings require prolonged exposure to light before phototropism is potentiated. Phototropism in peas and in cress is also poor compared with that in coleoptiles, but in some species (e.g. lentils and radish) the phototropic response is quite similar to that of coleoptiles in terms of Plants were incubated 150 min before initiation of tropistic reactions (same induction conditions as in Fig. 2) . The vertical bars indicate I SE. (24) . Although pea seedlings curve more rapidly in response to gravity than they do to unilateral light, we can rule out diminished gravitropic response as a cause of red light-enhanced phototropism ( Fig. 2 ; see also Ref. 17) . In fact, the light-treated seedlings actually appear to be more gravisensitive (2) . Whereas our detailed studies of gravitropism were conducted in the dark or with dim-green light, preliminary experiments failed to show an effect of blue light on gravitropic re- (0) (Figs. 4 and 5) . However, we can probably rule out increased sensitivity to auxin in stems of irradiated plants as a cause of red light-stimulated phototropism (Table III) . In fact, red light appears to make seedlings less sensitive, although possible differences in the penetration of IAA through the cuticle cannot be discounted.
In this regard, the question of lateral transport of auxin during phototropism should be reconsidered (e.g. Ref 
